Safe and reliable traffic management is vital for uninterrupted and successful operation of the European rail network, where mixed traffic (i.e. freight and passenger) services are run. Although rail freight derailment is infrequent, its consequences can be severe and may result in different forms of costs, including infrastructure; rolling stock; traffic disruptions; injuries and fatalities. The objective of this research paper is to conduct a cost benefit analysis (CBA) to identify cost effective mitigation techniques for efficient rail freight traffic management in Europe, by 2050. Reviewing previous derailments and studies, eight sets of derailment causes are analysed and, for each of them, sets of mitigation techniques are aimed at for their alleviation. The study finds that the highest cumulative costs of derailment are associated with 'wheel failure', while the lowest cumulative cost is identified for 'excessive track width'. Regarding mitigation techniques, the lowest cumulative benefits are demonstrated for 'track height' interventions, whereas 'wheel failure' alleviation demonstrates the highest benefits, in value terms (all by 2050). In most cases, the benefit to cost ratio did not exceed 2.6; in two cases ('track height' and 'rail failures') the ratio remained below 1 -a negative outcome where cost is higher than benefit. The study suggests that the most cost-efficient interventions are those applied to 'hot axle box and axle rupture' and 'spring and suspension failure'.
Introduction
A railway derailment causes different types of loss and damage -to infrastructures, vehicles, rail and passenger service operations, and people -causing injury or death. The impact on railway traffic management and operational service quality is huge. Analysing mainline derailments on European railways, a study within the D-RAIL (2012b) project identifies three major causes, ordering the associated derailments into the following categories: Infrastructure failures (34%); Rolling Stock failures (38%); operational failures (22%); weather, environment and 3rd Party causes (2%); and unspecified (4%). While some derailments are classified as less severe, the consequences of serious rail freight derailments may result in variety of costs, including infrastructure; rolling stock; operational disruption; fatalities; litigation; third party damage; cost of attendance of emergency services; environmental costs; loss/damage/delay of cargo and loss of freight business.
The European Railway Safety Directive requires the National Safety Authorities (NSAs) of the Member States to report significant accidents (defined as accidents either causing fatalities or with total damages in excess of €150k) to the European Railway Agency (ERA) and to EUROSTAT (for statistical information), as defined in 
Objective
The current research aims to conduct a monetisation of rail freight derailments and an evaluation of mitigation techniques, using Cost Benefit Analysis (CBA) which is a quantitative tool, widely used by academics and decision makers, to determine a project's appropriateness, efficiency and effectiveness (Litman, 2003; Mishan and Quah, 2007; Priemus, et al., 2008; Venables, 2007) . Even a critical review of the tool (Mackie, 2010, p. 5) accepts that: 'there is a well codified history and development of practice'. It identifies costs and benefits, often converting them into monetary values, in order to show the long-term (e.g. 40 years for the current study) effects of the proposed solution(s). Thus, to contribute to the advances in rail traffic management and planning, the objective of this research paper is to conduct a CBA to find cost effective mitigation techniques for reducing, by 2050, the impact of freight train derailments in Europe.
Limitations of the analysis
Regarding the limitations of CBA, some experts (e.g. Mackie, 2010 ) opine that it is: 'a controversial tool, generating accusations of unacceptable principle, improper application, inadequate evidence base and bias'. Mackie and Preston (1998) identified as many as twenty-one errors and bias in the application of the CBA tool for appraisal of projects. In the area of transport these include incorrect transport inputs, errors in planning assumptions, prior political commitment, inaccurate data on the current situation, and interactions with other transport options not being taken into account.
There are four main constraints or limitations in the current CBA. First, it limits itself to rail transport, excluding other potential impacts. For example, a prevention measure could, in the future, increase rail demand by shifting traffic from road, consequently causing decongestion, decreased transport costs, lower environmental Secondly, the analysis focuses only on the rail freight perspective, excluding the cost analysis of rail passenger demand. This is due to the nature of the study, which investigates derailments in the freight sector only. More specifically, even though it is certain that the implemented interventions in the railway network will have a positive impact for passenger trains (European railways are used by both freight and passenger trains), this is not accounted for in the cost and benefit results. Thirdly, the study assumes that the technology and its costs will remain the same throughout the coming 40 years. Finally, the analysis limits itself to studying derailment costs only, excluding from the model other costs for rail freight transport. This is due to the assumption that the basic transport costs (€/tonne) will remain the same for each type of intervention/mitigation technique. However, it is already mentioned (in section1.1) that CBA is a wide used tool for estimating economic benefits (compared to its costs) of a project and accordingly, this research has adopted this tool.
Methodology
The CBA applies two approaches: top-down and bottom-up. The top-down approach for cost savings intends to indicate the cumulative amount which could be spent on mitigation measures by 2050 and, consequently, to find which mitigation measures would be affordable, effective and efficient enough to achieve a derailment cost reduction of 10-20% in the EU by 2050. The bottom up approach of cost analysis employs the Benefit-Cost Ratio and the costs and benefits throughout the project duration. Based on these results, each intervention is assessed for its effectiveness. For this we need a comprehensive and balanced analysis approach, where the performance of an infrastructure or intervention/mitigation measure and its total cost accrued over the entire life-cycle are taken into account (Frangopol and Liu, 2007) . Keeping this on board, this research first defines the costs per intervention; only long term mitigation measures are considered for the research, as previous study suggests that most short and medium term mitigation measures have a low effect on reducing the economic impact of derailments (European Railway Agency, 2012; D-RAIL 2012b) . For each mitigation measure, the current research defines three types of costs: the implementation (investment and reinvestment); the maintenance costs that differ per intervention; and the avoided derailment costs.  Track Geometry Measurement System -A vehicle based optical, no-contact and inertial track geometry measurement system, which is able to provide automatically the main geometric parameters of the track.
 Dynamic axle load checkpoint -A wayside track-based monitoring system which measures the dynamic wheel rail forces over a distance of six sleeper spans.
 Wheel Profile and Diameter system -A vehicle based, no-contact real-time wheel measurement system, which is able to perform in-service automatic optical measurement of the wheel sets. The system acquires all major wheel parameters. Systems analysis and reporting software provides wheel performance trending and predictive identification of faulty components. The system can be installed either at a depot entrance or in line. The study linked the eight causes of derailment to three main types: Operational, Infrastructure and Rolling stock (discussed in section 1), representing 55% of the total number of accidents and the higher rated types of costs. For its cost benefit analysis, the ERA (European Railway Agency 2009) study used 500 derailments per year, as did the DNV study (DNV, 2011a, p.23) . In line with these European rail derailment studies, the current study uses 500 derailments per year and assumes two scenarios for the analysis: (1) the constant derailments scenario, where the number of annual derailments remains equal to 500 throughout the analysis period up to 2050 and (2) the decreasing derailments scenario which is broken down into: 
Calculation of costs
The types of avoided derailment costs are: environmental, infrastructure, operation, rolling stock, human factor and unspecified. The study acknowledges that there are additional types of related derailment costs -such as image costs resulting from derailments, delivery delay costs, passenger transport delay costs -whose values were very difficult to identify, hence these were not included in the calculations. In addition, there are ancillary benefits from applying derailment mitigating wayside measures, for example, less maintenance of rail tracks and equipment, decreased fuel costs (for details see Resor et al., 2004 and Zarembski et al., 2003) , increased lifespan of rail tracks); however, due to lack of data for the current estimation, these were also not included in the analysis.
Place Fig interventions is allocated. In addition, its potential impact is identified, based on the share of derailments resulting from this cause. This relation is depicted in Table 1 . In principle, the second column presents the cost of each SET of derailment cause.
This means that if there are 500 accidents due to 'Hot axle box and axle journal rupture (SET 1 in column 1); this would mean a total cost of €1,282,575 x 500. In this example, (in SET 1) the combination of 'Hot box and hot wheel detector systems'
(set of intervention/mitigation technique in column 3) can be applied to decrease the number of accidents caused by Hot axle box and axle journal rupture (derailment cause -SET 1), impacting (benefiting) a maximum of 12% (in column 4) of the total number of 60 derailments (in column 5).
Place Table 1 . About here 
Calculation of benefits
The second type of costs is actual derailment costs; these are used for the calculation of benefits and comprise -in common with both the DNV (2011a and 2011b) and ERA (2009) studies -the environmental risks costs, the human risks costs, the system costs (i.e. infrastructural operational and rolling stock), and the unspecified risks costs (depending on the cause of derailment; for example the derailment costs for Hot axle box and journal rupture). The average cost per derailment for all reported derailment instances was calculated as €802.360 by the previous study (D-Rail, 2012b p.13), which is also applied in this analysis. Table 1 presents the costs (column 2) specifically for the causes (column 1) studied in this report. The derailment costs are expressed as total costs for a certain number of derailments per year. These are defined individually per cause of accident in terms of impact (percentage and number of avoided derailments; columns 4 and 5 respectively in Table 1 ) and costs (specific costs of derailment depending on the cause in column 2 of Table 1 ). For example, Hot box & hot wheel detector systems can decrease the total number of accidents by maximum 12%, i.e. 60 accidents; this number is the number attributed to the cause of Hot axle box and axle journal rupture. The benefit per accident (see Table 1 , second column) is calculated at €1,282,575 -the cost estimated for derailment caused by axle ruptures. Hence, by applying Hot box & hot wheel detector systems, the total annual cost savings can be up to (1,282,575x60=) €76,954,500.
CBA Results

Cost scenarios
The cost scenarios are developed estimating the cost reductions that can be achieved based on the assumption of two scenarios (and sub-scenarios) noted in Figure 2 . The number of accidents is expected to decrease from 500 to 425 (using the 15% assumption for 2050 results), concluding a negative growth rate of 0.41%
annually. In the case of 10% decrease, the number falls to 450 and a negative rate of 0.26% pa. Finally, in the case of 20% decrease, the number falls to 400 with a negative rate of 0.56% annually. Regarding the intermediate targets for 2030, scenario 2a shows derailments decreased by 8% (compared to the 500 derailments in 2010);, with scenario 2b showing a decrease of 5% and 2c, of 11%.
Top down results
Using the assumption that the average derailment cost is €802,360, the total costs over the 40-year horizon were calculated as the sums of a geometric progression.
The formula used was: Assuming a constant rate of derailments, the costs over 40 years are more than €16 billion -an average of €401 million annually (see Table 2 ). This cost over 40 years is expected to decrease (i.e. cost savings) by (€16 billion -€14.84 billion = €1.16 billion); in the case of a 15% decrease in derailment, about €1.2 billion € is achieved. Using the spectrum of 10-20%, the cost savings can range from €0.8 billion to €1.6 billion. Table 3 
Bottom up result through cost benefit analysis
The costs and benefits as well as the BC ratio are calculated for each set of mitigation techniques. The costs here refer to the investment, reinvestment and maintenance costs (see Table 4 ). All costs are defined in 2012 values. For the wayside interventions (hot box detectors, dynamic axle load checkpoints and wheel profile and diameter monitoring systems), the number of units was estimated based on the network length. On the other hand, the vehicle-based number of units was estimated using two units per country. It should be noted here that the setting of definition of costs was challenging, due to data limitations, and different cost definitions and assumptions were made as and when necessary, based on expert opinion. The analysis excluded operational costs, as it was not possible to define these for the examined interventions. The same was done for disposal/ inspection/ training costs.
Place Table 4 about here While the annual benefits for each set are constant every year, the annual costs differ depending on the reinvestment costs and the lifetime of the project, assuming that maintenance costs are the same each year. Our analysis finds (due to data restrictions, the details of the analysis are not provided) that SETS 3, 4 and 7 depict the highest cumulative costs -all above €0.5 million by 2050. SET 3 is particularly high in terms of costs (€1.8 million by 2050), applying two types of measures including wheel profile monitoring, which depicts the highest costs per unit for wayside applications. SET 7 also demonstrates very high costs, as it implements several types of video inspection measures, which also have high costs per unit. SET 4 has cumulative costs of almost €0.6 million. SETS 1 and 3, followed by SET 8 depict the highest cumulative benefits (€2.7, €3.5 and €1.9 million by 2050 respectively) due to:
 The high number of avoided derailments per year (impact fact based on the cause of derailments) and  The high costs allocated with these derailments (severity of the cause).
Based on the results above, the Benefit Cost (BC) ratios were produced (see Table 5 and also presented in graphical form in Annex 1). Only scores over 1 can be considered positive results (i.e. benefit is higher than cost) and only SETS 1 and 8 achieve a BC ratio of more than 3. At the same time, the sensitivity analysis (discussed in the next section) also provides positive results for these two sets of mitigations, as the benefits from avoided derailments are very high (see also column 5 of Table 1 ). From Table 5 we find that SETS 2 to 5 demonstrate positive but moderate results, with BC ratios between 1 and 3, while SETS 6 and 7 depict values less than 1, i.e. for these sets costs are always higher than the benefits. In the presence of a constrained budget, a rationed resource is needed and for this, Mackie (2010, p. 18) argues for a minimum cut-off BC ratio being required. Although the investors will be the ultimate decision makers, the study recommends BC ratio 3 as a cut-off point.
Place Table 5 about here
Sensitivity analysis
The results of the BC analysis were revised (see Tables 6-9 ) for the following assumptions:
 Decrease avoided derailments (i.e. effectiveness) by 10% (see Table 6 ).
 Reduce costs by 10% (see Table 7 )
 Increase costs by 10% (see Table 8 )  Decrease avoided derailments (i.e. effectiveness) by 10% AND increase cost by 10% (see Table 9 )
Place 
Comparison of the findings of top down and bottom up analysis
According to the top-down approach, €1.2 billion can be spent until 2050 (year 40) for the decrease in derailments of 15% (see section 3.2). Based on our assumptions, none of the defined sets of measures can itself reach a decrease of 15% (of 500) i.e. 75 avoided derailments annually. SET 1 (Hot box & hot wheel detector systems and Acoustic bearings detectors) and SET 3 (Axle load checkpoints, Wheel profile and diameter systems, Wheel surface inspection systems and Hot wheel detector systems) have an expected impact of 12% and 10.3% (see Table 1 ) avoided derailments, respectively. However, when comparing the average derailment cost (€802,360) to the individual cost savings, the impact increases significantly for these two sets, as well as for SET 8 (Axle load checkpoints and on board accelerometer systems). For example, the cost of SET 1 avoided derailment is €1.3 million (actually €1.28 to be precise)-much higher than the average derailment cost (i.e. 60x€802,360).
In terms of costs and benefits, the techniques of both SET 1 and SET 8 are, in cumulative terms, cost efficient; based on our assumptions, the individual cumulative costs are not more than €0.4 billion and the benefits can reach up to €3 million and €2 million, respectively.
Here, it should be noted that these numbers differ for the intermediate years (see Table 3 ) of the top-down approach. For example, while in total the actual cumulative expenditures are lower than the attributed amount of the top-down approach, for SET 1 the cumulative costs are €0.47 billion -much lower than the average of €1.2 billion (discussed in section 3.2). For year 10, the cumulative costs for SET 1 are €137 million -less than €60 million of the top down approach. For SET 8 the results are similar, as the cumulative costs for year 10 are €114 million. In fact,
there is no set of interventions examined which depicts cumulative costs of less than €72 million, by year 10.
However, the benefits coming from SETS 1 and 8 are much higher than the ones expected in the top-down analysis, due to the high values of avoided derailments. In addition, by year 20, the situation changes; for the examples of SETS 1 and 8, these numbers (also see Figure 3 ) are €243 million and €208 million, i.e.
less than the €301 million allocated, on average, for that purpose.
In terms of totals, only SET 3, with €1.8 billion, is not within the cost range covered in Table 3 .
Summary
Rail freight derailment causes different types of costs, to infrastructure, vehicles and traffic management, for both passenger and freight services. It also causes injuries, fatalities and damage to the environment. Even if derailment cannot be eliminated completely, for an effective, efficient and safe rail freight operation, it is imperative that the occurrence of derailments be reduced, through intervention techniques that can be preventative and/or mitigative. Since previous studies have thoroughly examined and analysed the costs and benefits of preventative techniques, this study focuses on examining mitigating techniques, using the cost benefit analysis (CBA) tool. This paper reports on the potential costs and benefits of interventions for rail freight derailment in Europe, up to 2050. The study is based on current (2012) data (on costs and technical details) and any changes in the technology or economy in the coming years are excluded from the assumptions of the analysis. In line with previous European rail derailment studies, the current study uses 500 derailments per year and assumes two scenarios for the analysis: (1) the constant derailments scenario and (2) the decreasing (10% to 20%) derailment scenario.
The number of annual derailments remains equal to 500 throughout the analysis period (up to 2050) in the first scenario and, for the same period, the decreasing derailments scenario is broken down into three sub-scenarios: These were explored using a cost-benefit model focusing on:
 investment/ reinvestment and maintenance costs (cost-side) and  cost savings from derailment mitigation (benefit-side)
The highest costs are demonstrated for SET 3 (wheel failure cause), with an impact of 10% in decreasing derailments, adding up to €1.8 billion; however, SET 3 also demonstrates the highest benefits, with almost €4 billion by 2050. The lowest cumulative costs -less than €400 million each -are identified for SET 2 (excessive track width), SET4 (skew loading) and SET 8 (spring and suspension failure). The lowest cumulative benefits are demonstrated for SET 6 (track height).
Place Fig. 3 about here The benefit to cost ratios in most cases did not surpass 2.6; in fact for two cases (SET 6 -track height and SET 7 -rail failures), the ratio remained below 1 (i.e.
cost is higher than benefit, meaning a negative outcome). For SET 1 (hot axle box and axle rupture) and SET 8 (spring and suspension failure), the results were positive, reaching a benefit cost ratio of greater than 5, by 2050. In addition, both of them were cost-efficient, with less than €0.5 billion of accumulated costs. However, for SET 8 (spring and suspension failure), the impact on the number of derailments is no more than 6%. For SET 1, this percentage reaches 12%. For the remaining sets of mitigation techniques, the BC ratios remained less than 3.
Conclusions
The study concludes that the mitigation techniques 'Hot box & hot wheel detector systems' for SET 1 (hot axle box and axle rupture derailment) and 'Axle load checkpoints' for SET 8 (spring and suspension failure derailment) are the most cost effective. Readers are requested to consider the findings of the analysis with caution, due to the fact that they do not consider the costs and benefits of a mitigation measure for a specific rail network, location or situation. The research has used an average value of benefits and thus provides overall understanding and insights.
Further in-depth analysis will be required for specific locations and conditions.
The general assumptions (discussed before, in particular in Sections 1.2 and
2) of the current study offer opportunities for areas of future research work. For example, the assumption of a bundle of interventions is that they target the same derailment cause (see section 2). In reality their effect is considered independently.
The dependency of different mitigation measures and their combined effects are also potential future areas of research. Moreover, the effects for simple network maintenance, or the benefits for passenger trains, are not part of the analysis in this study and can be explored in future research. Also, this paper presents only technical solutions, whereas further research could investigate policy options for prevention and mitigation of derailments. There is potential dependence of one mitigation technique on another e.g. fixing wheels may reduce the impact on rail track and potentially reduce rail failure. Future research work can also examine the independence of assumptions.
The impact of the study is that the current economic assessment is expected to provide an improved understanding to railway infrastructure managers, freight train operators and National Safety Authorities, as well as enriching the literature in the field on the magnitude cost of rail freight derailments and the potential benefit of applying mitigation techniques. This is an important step before any derailment detection and mitigation measures are proposed, to ensure that they are affordable and adoptable by relevant stakeholders. Table Captions   Table No.  Title  Table No. 1 Cost per derailment cause and impact (benefits) per intervention set Table No. 2 Top-down results in thousand € Table No. 3 Cumulative cost savings in € Table No. 4 Definition of costs per intervention Table No.5 BC ratio for effectiveness = 1 Table No.6 BC ratio for effectiveness = 0.9 with 10% decrease in avoided derailments (Sensitivity results) 
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